Ventricular fibrillation (VF) is known to produce alterations in myocardial energetics, but the mechanism of these changes remains unclear. To investigate energy metabolism during VF, phosphorus nuclear magnetic resonance spectroscopy and magnetization transfer were applied to isolated perfused ferret hearts. VF was induced either by perfusion with digitalis (strophanthidin, 30 gM) or by high-frequency electrical stimulation. We measured the flux in two critical reactions: from inorganic phosphate (Pi) to ATP (ATP synthesis rate) and from phosphocreatine (PCr) to ATP (energy transfer capacity consumption but also to metabolic deterioration.
fatal, arrhythmia complicating acute myocardial infarction or heart failure.12 The pathophysiology of VF has attracted much interest not only from the viewpoint of basic electrophysiology but also from that of clinical cardiology. Despite the importance of this arrhythmia, little is known about the cellular metabolism of the heart when it is subjected to fibrillation. We do know that oxygen consumption during VF increases when compared with that during regular rhythm.3-5VF induces other abnormal features of en-Cytosolic ATP consumption occurs at two principal sites, the contractile elements and ion-transport proteins, including the sarcoplasmic reticulum calcium pump and sarcolemmal Na+,K+-ATPase. 13 Failure to improve energy metabolism significantly during VF by the simple abolition of force generation suggests that the increase in energy requirement during VF is mainly attributable to the metabolic cost of calcium cycling.7 On the other hand, calcium overload itself has been proposed to decrease the efficiency of ATP synthesis by mitochondria.14 '15 In either case, a mismatch of energy supply and demand would result.
Thus, two possible hypotheses could explain the changes in energy metabolism during VF. The first invokes a failure of ATP synthesis in mitochondria that is due to calcium overload. Mitochondrial oxygen utilization could uncouple from ATP synthesis such that the total amount of ATP generated becomes mismatched with the increase in oxygen consumption, thus causing the disorder in phosphate metabolism. A failure of energy supply is the root cause here. The second hypothesis postulates an energy imbalance that is primarily due to an increase in consumption. ATP generation increases appropriately, as suggested by the increase in oxygen consumption, but the energy required for calcium handling and force generation increases much more than the supply. This sort of imbalance could also cause the disorder in energy metabolism but with a disproportionately large increase in energy demand as the primary factor.
In myocardium, mitochondria are the major site of energy production through the process of oxidative phosphorylation; ordinarily, glycolysis contributes to the synthesis of 7% or less of total ATP.16 ATP produced in mitochondria is not transferred directly to the cytosol, where ATP-consuming reactions occur, but rather is effectively transported by the "creatine shuttle'"17: Creatine kinase (CK) coupled to ATP synthesis in mitochondria transmits the energy in ATP to PCr, PCr diffuses into the cytosol, and ATP is then resynthesized by cytosolic CK associated with the myofilaments. A failure of energy transfer by CK during VF could, in principle, contribute to an insufficiency of energy supply. The rate whereby Pi is incorporated into ATP18-22 and the flux catalyzed by the CK reaction19,2'-27 are both measurable by P-NMR spectroscopy, enabling the quantification of the ATP synthesis rate18,20-22 and energy transfer capacity by CK22,27 in the myocardium.
In this study, the fluxes from Pi to ATP and from PCr to ATP were measured by using the magnetization transfer technique in P-NMR. VF was induced by two different methods, digitalis intoxication or high-frequency electrical stimulation. ATP synthesis rate, energy transfer capacity, and oxygen consumption in myocardium were determined before and during VF to elucidate which of the two major mechanisms discussed above underlies the metabolic deterioration.
Materials and Methods The experimental preparation has been described previously.7'28 Briefly, hearts were removed from anesthetized male ferrets (10-14 weeks old) and retrogradely perfused via the aorta with 100% 02-bubbled solution of the following composition (mM): NaCl 108, KCl 5, MgCl2 1, HEPES 5, CaCl2 2, glucose 10, and sodium acetate 20. The pH of the solution was adjusted to 7.4 at 30°C by addition of NaOH. After 20-30 minutes of equilibration, the coronary flow rate, controlled by a peristaltic pump, was adjusted such that the mean perfusion pressure was maintained at 80 mm Hg; flow was then kept constant throughout the experiment. The left ventricle was filled with a latex balloon containing 15 mM magnesium trimetaphosphate as a standard for the NMR experiments, and isovolumic left ventricular pressure was recorded with a pressure transducer (model P23Db, Gould Inc., Oxnard, Calif.) and a chart recorder. The heart was paced through the right ventricle with an agar wick soaked in saturated potassium chloride and encased in polyethylene tubing. The pacing frequency was set at 1.5-2.5 Hz except during the induction of fibrillation (see "Experimental Protocol" for details).
Phosphorus Nuclear Magnetic Resonance Measurements
The quantification of intramyocardial phosphorus compounds and pHi using steady-state P-NMR methods has already been described in detail.7'28 In summary, the heart was lowered into a 25-mm-diameter NMR tube and placed into an 8. Figure 1B) . As a control, Figure 1A shows a spectrum obtained with selective irradiation at a frequency of 2.3 ppm, where no major peaks exist. The difference between the two spectra ( Figure 1C ) reveals a reduction in the PCr signal intensity resulting from magnetization transfer. Because the peak of Pi is usually quite small under control conditions, the reduction in Pi signal intensity that is due to saturation of the y-ATP peak is less apparent but nevertheless measurable. Spectra with irradiation at 2.3 ppm rather than those without any specific irradiation were adopted as the controls in order to minimize errors resulting from imperfections in the selectivity of the irradiation. 24 For measurement of Ti relaxation time, we used the saturation recovery method. The durations between saturating pulses and the observation pulse were set as 0.4, 0.7, 1.0, 1.5, 2.5, 4.0, 10.0, and 15.0 seconds. In preliminary experiments, spectra obtained 15 seconds after saturation were compared with those obtained 30 seconds after saturation. No significant saturation was detected at the shorter delay setting; thus, a maximal delay of 15 seconds was adopted in this study. For saturation recovery experiments coupled with magnetization transfer, progressive saturation pulses preceded a low-power narrow-band pulse at the resonance of y-ATP applied during the delay time. For each of the spectra, 24 or 32 free induction decays were accumulated to achieve an acceptable signal-to-noise ratio. To minimize any systematic errors in the Ti calculation, the order of the measurements with different delays was randomized.
Ti of PCr, i.e., TpCr/ATp, was calculated from a family of spectra with nonlinear fitting (the simplex method30) to the theoretical equation (Figure 2 ):
where M(t) and M' represent the magnetization areas observed after the delay time t and the equilibrium magnetization, respectively. Ti of Pi, i.e., TP,/ATP, was also calculated from the same family of spectra used for the measurement of TpC,/ATp. Saturation of y-ATPpeak in phosphorus nuclear magnetic resonance spectra obtained in a ferret heart. Panel A shows a typical phosphorus nuclear magnetic resonance spectrum obtained from a perfused ferret heart. The biggest peak (at 0 ppm) represents phosphocreatine, and the peak at -2.3 ppm represents the y-phosphate of ATP. In panel A, radio frequency pulses are irradiated at 2.3 ppm (indicated by arrow), but no changes are observed. In contrast, when the peak of y-ATP is irradiated by radio frequency pulses, the peak of y-ATP is saturated and disappears as shown in panel B. Furthermore, the peak for phosphocreatine becomes smaller than that in panel A as indicated in panel C, which shows the difference between the two spectra in panels A and B. The change in the peak of inorganic phosphate at -5 ppm is not clear because of its small magnitude even under nonsaturating conditions. The numbers in panel A indicate the peaks ofphosphorus compounds as follows: 1, inorganic phosphate, 2, phosphocreatine; 3, y-ATP; 4, a-ATP; 5,
13-ATP; 6, magnesium trimetaphosphate (standard).
Index of Mechanical Function
Developed pressure (DP) was defined as the difference between peak systolic left ventricular pressure (peak P) and end-diastolic pressure. A rigorously validated index of contractility (Em,a)31 and pressure-volume area (PVA), a similarly reliable index of cardiac work,32 were calculated with the assumption that the unstressed volume to generate zero pressure is negligible:
Emax= ( In both groups, the flux from Pi to ATP and that from PCr to ATP in control was measured after the initial stabilization of the preparation. Hearts were then subjected to VF, P-NMR spectra were sampled until a steady state of metabolites was achieved (typically 5-10 minutes), and the flux during V/F was evaluated. Stability of the preparation was ascertained by comparing the spectra without selective saturation obtained before and after each measurement of the flux.
For measurements of oxygen consumption, arterial and venous samples were collected under control conditions, and then VF was induced by either administration of strophanthidin (30 ,uM) Figure 5A . Figure 6 shows typical P-NMR spectra in control and during VF. VF de- Figure 6 ). The spectrum labeled VF 2 in Figure 6 , although taken 50 minutes later, when the magnetization transfer measurements had been completed, is almost identical to that obtained early during VF (VF 1 in Figure 6 ). The stability of metabolites during VF, exemplified by the experiment shown in Figure 6, VF. There were no clear-cut changes in [Pi] , [PCr] , [ATP] , or pHi after deflation as compared with the previous spectra, consistent with our previous findings. 7 Furthermore, the parameters obtained by magnetization transfer, including the flux from Pi to ATP and that from PCr to ATP in these two hearts, fell within the range observed in other hearts, indicating that ventricular loading is not required for manifestation of the deterioration in energy metabolism. Figure 8A shows the changes in oxygen consumption during VF induced by digitalis intoxication in six hearts. Oxygen consumption during VF increased consistently and significantly (0.082+0.004 ,mol 02 per g wet wt/sec in control conditions and 0.095±0.004 ,umol 02 per g wet wt/sec during VF, p<0.01).
These results indicate that, during VF induced by digitalis intoxication, the ATP synthesis rate increased, as did 02 consumption. Interestingly, the relative increase in ATP synthesis rate markedly exceeded that of 02 consumption. The increase in the ATP synthesis rate, in a setting of hypoxic patterns of the P-NMR spectra, suggests there has been a marked increase in energy demand. The fact that the increase in oxygen consumption does not match the marked increase in energy demand implies a limitation in oxidative energy production. This finding supports a dominant role for the hypothesis that ATP production increases but not sufficiently to match the energy demand during fibrillation, possibly because of inhibition of mitochondrial function by intracellular calcium overload.
Energy Flux During Ventricular Fibrillation Induced by Electrical Stimulation
Rapid electrical stimulation alone was capable of inducing VF in the absence of digitalis, as exemplified in Figure 5B . Figure 9 shows spectra in control and during VF induced by electrical stimulation. There were no significant differences in any of the metabolites at the beginning and at the end of each period of magnetization transfer data collection (control or VF).
In contrast to VF induced by digitalis, only minor changes in energy-related phosphate compounds were observed when VF was induced electrically. Pooled . Phosphorus nuclear magnetic resonance spectra in control conditions and during ventricularfibrillation (VF) induced by electrical stimulation. The top panels (control 1 and control 2) represent the spectra in control conditions. Control 1 was taken before the measurement of energy flux, and control 2 was taken after the measurement. The bottom panels (VF 1 and VF 2) represent the spectra during VF induced by electrical stimulation. VF 1 was taken before the measurement of energy flux, and VF 2 was taken after the measurement. In a total of seven hearts, intracellular phosphocreatine concentration showed no significant difference between control 1 (11.8±1.1 ,umol/g wet wt) and control 2 (10. 6+1. 0 ,mol/g wet wt, p >O.OS Pi (M,P.lATpM .p) or PCr (MpCr,/ATp/M"pCr) with saturation at y-ATP to that without saturation also failed to show any significant change ( In contrast to VF induced by digitalis intoxication, oxygen consumption during electrically induced VF did not show consistent changes ( Figure 8B ). Oxygen consumption during VF (0.091±0.006 ,umol 02 per g wet wt/sec [n=6]) was almost equal to that in the control condition (0.090±0.008 ,umol 02 per g wet wt/sec, p>0.85).
These results reveal that, during VF induced by electrical stimulation, both the ATP synthesis rate and the energy transfer capacity were maintained as well as under control conditions. Discussion Energetic Implications of Magnetization Transfer Measurements in VF P-NMR spectroscopy has made it possible to measure not only the flux in the reaction between PCr and ATP catalyzed by CK21-23,2526 but also the flux in the reaction to synthesize ATP18-22 in the intact heart. CK has been proposed to be a key enzyme in the transfer of energy from mitochondria to the sites of greatest energy consumption (creatine shuttle theory17'36); the flux in the reaction governed by CK thus represents the capacity for energy transfer in the myocardium.22'27 The flux through CK has been shown to correlate well with the rate-pressure product or oxygen consumption in normal hearts,2225'26 with oxygen consumption in noncontracting hearts,37 and with cardiac performance in postischemic hearts,27 although little correlation was observed in larger animals, such as dogs38 or pigs.39 As a consequence of these results and our data (Figure 3) , the flux in the reaction governed by CK, i.e., the energy transfer capacity, can be considered to be a good marker of the principal energy flux in myocardium of small animals under normal conditions and in some pathological states.
VF has been recognized to increase oxygen consumption compared with that in normal beating hearts, [3] [4] [5] suggesting an alteration in energy metabolism. Our results reveal important differences in energy metabolism during VF, depending on the specific method used to elicit VF. Fibrillation triggered by digitalis intoxication produced a metabolic picture similar to hypoxia despite an increase in the ATP synthesis rate, whereas the capacity of energy transfer decreased but still remained high enough to overwhelm the ATP synthesis rate. These results suggest a deterioration in energy production, as well as a marked increase in energy demand, as the major cause of the hypoxia-like changes during VF induced by digitalis. In contrast, energy supply during VF induced by electrical stimulation was at least as high as that found under control conditions. Nevertheless, the modest increase in [Pi] [Pi] and pHi. We considered whether the small time-dependent changes in Pi and pHi observed during VF induced by digitalis intoxication might introduce errors in the magnetization transfer measurements due to non-steady-state conditions. To eliminate this possibility, the rate constants and the fluxes were recalculated using the ratio of the equilibrium magnetization with and without saturation of y-ATP, and Ti relaxation time averaged from all data (mean Tp/ATP, 2.39 seconds; mean Tpcr/ATp, 1.47 seconds). Such measurements of the ratio took less than 15 minutes, and at least during this period, the levels of metabolites remained entirely stable. Reassuringly, the results obtained by these recalculated measures were the same as those obtained by the calculations using individual Ti data (Table 3) . Thus, our observations reflect a genuine difference in energetics in the two types of VF and are not simply due to timedependent changes.
Interrelation Between Calcium and Energy Metabolism
What causes the differences in energy metabolism between the two types of VF? The most plausible factor In conclusion, a decrease in energy supply as well as an increase in energy consumption causes the changes in energy metabolism during VF induced by digitalis intoxication. Severe calcium overload induced by digitalis intoxication may compromise ATP synthesis in mitochondria, resulting in a decrease of energy supply. In contrast, during VF induced by electrical stimulation, the energy flux keeps up with the energy demand. The severity of calcium overload may be the decisive factor that accounts for the difference in energy metabolism between the two types of VF.
